Background
==========

Heart failure (HF) is a severe cardiovascular disease with high incidence and mortality rates. Left ventricular assist devices (LVADs) are widely used in heart failure treatment \[[@b1-medscimonit-22-2284]--[@b4-medscimonit-22-2284]\] to improve cardiac function recovery. The changes in cardiovascular hemodynamics caused by LVADs have been studied. For instance, Travis found that the blood pulsatility under LVADs support was significantly reduced \[[@b5-medscimonit-22-2284]\]. Similarly, Tuzun reported that LVADs support could significantly increase the aortic impedance \[[@b6-medscimonit-22-2284]\]. Ootaki demonstrated that the LVADs support may reduce coronary perfusion \[[@b7-medscimonit-22-2284]\]. Callington reported that the flow pattern in the aortic root was significantly changed by LVAD support, which may be the reason for the abnormal of aortic valve function \[[@b8-medscimonit-22-2284]\]. Cornwell demonstrated that the restoration of pulsatile flow through modulations in speed of LVAD led to increased distortion of the arterial baroreceptors with a subsequent decline in muscle sympathetic nerve activity, which was considered to benefit patient prognosis \[[@b9-medscimonit-22-2284]\]. Ising reported that when the support level of LVAD is synchronous with the cardiac periods (named as the pulsatile support mode), the pulsatility of the blood flow was significantly enhanced \[[@b10-medscimonit-22-2284]\]. The hemodynamic effects of LVADs under pulsatile support mode were studied, confirming that the pulsatile support mode could achieve better blood pulsatility and cardiac unloading performance \[[@b11-medscimonit-22-2284]--[@b13-medscimonit-22-2284]\].

BJUT-II VAD \[[@b14-medscimonit-22-2284]\] is a novel LVAD, implanted into the ascending aorta ([Figure 1](#f1-medscimonit-22-2284){ref-type="fig"}). Its hemodynamic effects on the cardiovascular system have been studied. For instance, Xuan conducted computational fluid dynamic (CFD) simulation based on an idealized aortic model to evaluate the hemodynamic effect of BJUT-II VAD under constant speed mode on the aortic flow pattern \[[@b15-medscimonit-22-2284]\]. Subsequently, Gao compared the differences of hemodynamic effects of varied support modes (co-pulse mode, counter-pulse mode, and constant speed mode) on the cardiovascular system by utilizing a lumped parameters model and CFD method \[[@b16-medscimonit-22-2284],[@b17-medscimonit-22-2284]\]. Zhang reported that the hemodynamic states of the coronary artery were significantly changed by BJUT-II VAD under varied support modes \[[@b18-medscimonit-22-2284]\]. These studies demonstrated that the hemodynamic effects of BJUT-II VAD on the aorta are quite different from that caused by conventional LVADs, due to its special implanted position. The pulsatile support mode is a novel support mode, especially designed for BJUT-II VAD to improve the blood perfusion and left ventricular unloading level \[[@b19-medscimonit-22-2284]\]. However, its hemodynamic effects on the aorta are still under investigation.

In this study, hemodynamic effects of the pulsatile support mode for the BJUT-II VAD on the aorta were studied by utilizing the CFD method. A patient-specific aortic mode, based on CT data of a heart failure patient, was reconstructed. The hemodynamic effects generated by pulsatile support mode and constant speed mode were compared to clarify the different hemodynamic effects. Wall shear stress (WSS), averaged WSS (*avWSS*), oscillatory shear index (OSI), and averaged helicity density (*H~a~*) were used as indicators to evaluate the hemodynamic states of the aorta under different support modes.

Material and Methods
====================

Aortic model reconstruction
---------------------------

The aortic model was reconstructed by using MIMICS15.0 (MATERIALISE, BELGIUM) based on the CTA data from a heart failure patient. The resolution of CTA data is 512 \* 512, the pixel size is 0.91 mm, and the layer spacing is 1 mm. The aortic model ([Figure 2](#f2-medscimonit-22-2284){ref-type="fig"}) consisted of the ascending aorta, the brachiocephalic artery, the left common carotid artery, the left subclavian artery, and the descending aorta. The ANSYS ICEM 14.5 (ANSYS. Inc., USA) was used to generate the non-structural tetrahedral meshes for the model ([Figure 3A, 3B](#f3-medscimonit-22-2284){ref-type="fig"}). A grid independence test was conducted to determine the optimal grid numbers for the computation. In this test, the flow velocity was chosen as the inlet boundary condition, while free condition was imposed onto the outlets of the model as the boundary conditions. The relative errors of pressure at the inlet of the model with the different numbers of elements were calculated. If the relative error was less than 3%, the number of elements was considered to be sufficient. The test results are shown in [Table 1](#t1-medscimonit-22-2284){ref-type="table"}. According to the results, 1,639,544 elements were sufficient for this study.

Numerical approaches
--------------------

The blood flow is assumed as a 3D, incompressible, and laminar fluid. The blood flow is set as Newtonian and homogenous with viscosity of 0.0035 P.s and density of 1.050 g/cm^3^. The deformation of the aortic wall was neglected. Gravitational force was assumed to be negligible. The governing equations are the continuity equations, as the [equations (1)](#fd1-medscimonit-22-2284){ref-type="disp-formula"} and [(2)](#fd2-medscimonit-22-2284){ref-type="disp-formula"}:
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where *v* is the blood flow velocity vector, *p* denotes pressure, ρ represents blood density, and μ is the dynamic viscosity. Aortic pressure was used as the boundary condition for the inlet, and velocities of blood flow were used as the boundary conditions for the outlets.

The boundary conditions for the study were derived from a validated lumped parameter model of assisted cardiovascular system ([Figure 3C](#f3-medscimonit-22-2284){ref-type="fig"}), which comprises left atria, active left ventricular, BJUT-II VAD, and peripheral circulation system. \[[@b18-medscimonit-22-2284]\]. For the pulsatile support mode, the change in support level of BJUT-II VAD was synchronized with the cardiac period, while the support level under constant speed mode was constant during the whole cardiac period \[[@b16-medscimonit-22-2284]\]. For both support modes, the time-dependent aortic pressure profiles ([Figure 4](#f4-medscimonit-22-2284){ref-type="fig"}) were used as the inlet boundary condition, and the blood flow was imposed onto the outlets of the model as the outlet boundary conditions ([Figure 5A, 5B](#f5-medscimonit-22-2284){ref-type="fig"}). In order to compare the hemodynamic effects of both support modes, the support level of both support modes were comparable, in which the mean arterial pressure was 85 mmHg and the mean blood flow was 5 L/min.

Computational settings
----------------------

The commercial software FLUENT 14.5 (ANSYS. Inc., USA) was used for solving the set of fluid equations by using a finite-element scheme. The cardiac period was divided into 80 equally spaced time steps of 10 ms. Three cardiac periods were computed to obtain the result independent of initial conditions. Convergence was achieved when all mass, velocity component and energy changes, from iteration to iteration, were less than 10^−6^.

Hemodynamic analysis
--------------------

Time-averaged wall shear stress (*avWSS*) \[[@b20-medscimonit-22-2284]\], defined as the [equation (3)](#fd3-medscimonit-22-2284){ref-type="disp-formula"}, was calculated to evaluate the distribution of WSS under both support modes:
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where *WSS~i~* represents the instantaneous wall shear stress at the *ith* node. *T* denotes the cardiac period and *t* is time.

The oscillatory shear index (OSI) \[[@b21-medscimonit-22-2284]\] clarifies the WSS deviating from blood flow predominant direction during cardiac period, which is defined as the [equation (4)](#fd4-medscimonit-22-2284){ref-type="disp-formula"}.
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where the OSI value could vary from 0 to 0.5. 0 indicates no-cycle variation of WSS direction, while 0.5 indicates 180-degree deviation from WSS direction.

In order to characterize the change in strength of swirling flow in the aorta, the area-weighted averaged helicity density (*H~a~*) \[[@b22-medscimonit-22-2284]\] at several specific aortic cross-sections was defined as the [equation (5)](#fd5-medscimonit-22-2284){ref-type="disp-formula"}:
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where *S* denotes the areas of the cross-sections. *H~d~* represents the helicity density (the scalar product of velocity and vorticity in the flow field), defined as the [equation (6)](#fd6-medscimonit-22-2284){ref-type="disp-formula"}:
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where *v* represents the blood flow velocity vector. ∇×*v* is the vorticity of the blood flow.

Results
=======

In order to clearly illustrate the hemodynamic effects of varied support modes of BJUT-II VAD on the aorta, the distributions of *avWSS*, OSI, *H~a~* were curved from [Figures 6](#f6-medscimonit-22-2284){ref-type="fig"}[](#f7-medscimonit-22-2284){ref-type="fig"}[](#f8-medscimonit-22-2284){ref-type="fig"}[](#f9-medscimonit-22-2284){ref-type="fig"}--[10](#f10-medscimonit-22-2284){ref-type="fig"}.

The distribution of *avWSS*
---------------------------

[Figure 6](#f6-medscimonit-22-2284){ref-type="fig"} shows the distribution of *avWSS* in the aorta under both pulsatile support mode and constant speed mode. It is seen that the distribution of *avWSS* under pulsatile support mode is similar with that under constant speed mode, while the value under the pulsatile support model is higher than that under constant speed mode (region a, b, and c). Under pulsatile support mode, *avWSS* ranged from 0.12 to 7.03Pa, while that under constant speed mode ranged from 0.05 to 6.95Pa. Under both modes, high *avWSS* were observed at the wall of the left common carotid artery, inner part of ascending aorta and aortic arch, and the posterior of the end of aortic arch; while low *avWSS* regions are at the roots of the 3 branches and the inner of part of the descending aorta.

In order to more clearly illustrate the difference of *avWSS* under both support modes, the differences of *avWSS* at all nodes between the 2 modes are re-curved in [Figure 7](#f7-medscimonit-22-2284){ref-type="fig"}. In this figure, the value at each node is calculated by using the value under pulsatile support mode minus that under constant speed mode, showing that the *avWSS* under pulsatile mode are much higher than that under constant speed mode at the inner aortic arch and the 3 branch vessels (ranging from to 75% to 260%).

The distribution of OSI
-----------------------

The results of OSI for both constant speed mode and pulsatile mode are shown in [Figure 8](#f8-medscimonit-22-2284){ref-type="fig"}. The OSI under the constant speed mode ranged from 0 to 0.475, while that under pulsatile support mode ranged from 0 to 0.482. Although the range of OSI under both modes is similar with each other, the distribution is quite different. Under pulsatile mode, the OSI value at the descending aorta is significant higher than that under constant speed mode ([Figure 8A, 8B](#f8-medscimonit-22-2284){ref-type="fig"}).

The distribution of swirling flow
---------------------------------

The swirling flow characteristics are shown in [Figure 9](#f9-medscimonit-22-2284){ref-type="fig"} and [Figure 10](#f10-medscimonit-22-2284){ref-type="fig"}. [Figure 9](#f9-medscimonit-22-2284){ref-type="fig"} illustrates the flow pattern of the swirling flow at 6 representative slices (from S1 to S6) along the aortic axial line ([Figure 9A](#f9-medscimonit-22-2284){ref-type="fig"}). Under both support modes, there was a detectable second flow at the walls of the ascending aorta. A small vortex is observed at the anterior wall of the ascending aorta ([Figure 9B, 9C](#f9-medscimonit-22-2284){ref-type="fig"}, S3). At the middle position of the aortic arch, the secondary flow was strengthened with 2 vortexes formed along the anterior and the posterior walls (S4). When the blood flow moved into the posterior region of aortic arch, the vortex became stronger and the vortex, closing with the anterior aortic wall, became bigger, squeezing the posterior wall vortex into a narrow region, which exhibited clear characteristics of swirling flow (S5). And then, along with the flow entering into the descending aorta, the swirling flow formed at the aortic arch is gradually attenuated (S6). In order to evaluate the effect of varied support on the swirling flow, the *H~a~* under both support modes was calculated ([Figure 10](#f10-medscimonit-22-2284){ref-type="fig"}). It is seen that under both modes, *H~a~* achieved its maximum at the middle of the aortic arch, and then is attenuated along with the blood flow. In addition, under pulsatile flow mode, *H~a~* at each slice is significantly higher than that under constant speed mode.

Discussion
==========

The support mode of BJUT-II VAD is a very important factor in the hemodynamic effects on the cardiovascular system \[[@b16-medscimonit-22-2284]\]. The pulsatile support mode of BJUT-II VAD, proposed by Gao et al. \[[@b19-medscimonit-22-2284]\], is confirmed to be a better support mode for BJUT-II VAD. It has been proven that the pulsatile support mode can achieve better left ventricular unloading, higher arterial blood pulsatility, and better myocardial perfusion \[[@b23-medscimonit-22-2284]\]. However, its effects on aortic hemodynamics are still under investigation. This study is the first study on the hemodynamic effects of pulsatile support mode on the aorta.

The link between hemodynamics and atherosclerosis and thrombosis has been studied for decades by clinicians and researchers \[[@b20-medscimonit-22-2284],[@b21-medscimonit-22-2284],[@b24-medscimonit-22-2284]\]. There are studies indicating that low and reciprocating shear stress induce a sustained activation of atherogenic genes in endothelial cells (ECs) of vessel walls \[[@b25-medscimonit-22-2284]\]. Wall shear stress (WSS) and oscillatory shear index (OSI) were reported as hemodynamic metrics that were associated with atherosclerosis localization and other aspects of vascular disease \[[@b26-medscimonit-22-2284],[@b27-medscimonit-22-2284]\]. Hence, we used WSS and OSI to estimate the possible location of atherosclerosis lesions that may be generated under constant speed and pulsatile mode. The simulation results of *avWSS* shown in [Figure 6](#f6-medscimonit-22-2284){ref-type="fig"} shows that blood flow under pulsatile mode can cause higher WSS on the wall of the aorta than constant speed mode, which is determined by the velocity gradients between blood flow and the aorta wall. Although the total volume flow of blood under these 2 modes are similar in a cardiac cycle and the velocity of blood is in a positive correlation with the volume flow rate, the rapidly-changed volume flow rate of pulsatile mode may has a more significant effect on vessel walls. Comparing the 2 modes, the locations with low shear stress (Region A, C) and high shear stress (Region B) are distributed similarly, while the local specific values are significantly different. As shown in [Figure 7](#f7-medscimonit-22-2284){ref-type="fig"}, the value of *avWSS* has a greater than 70% difference at the roots of branches of the brachiocephalic artery, left common carotid artery, and left subclavian artery, and the inner part of the aorta arch. This result reveals that, compared with the constant speed mode, the pulsatile support mode can achieve a relatively higher WSS and OSI distribution. Because these areas are preferential localization of atherosclerotic lesions, the increase of WSS under pulsatile mode may have an anti-atherogenic effect.

As shown in [Figure 8](#f8-medscimonit-22-2284){ref-type="fig"}, in most areas of the aorta under the constant speed, OSI is low, but in the area at roots of 3 branches (Region A), inner aorta arch (Region B), and upper-inner descending aorta (Region C), the OSI is relatively higher. For the whole aorta, OSI under the pulsatile mode has a similar distribution trend as the constant speed mode and higher value, which means that the pulsatile mode can generate more disturbed flow in a cardiac cycle. Combined with the results of OSI distribution and *avWSS* distribution, the simulation shows that the areas with high OSI are usually located at the same areas as low *avWSS* (Region A, C). This result is consistent with a simulation of blood mass transport of the aorta studied by Liu et al. \[[@b22-medscimonit-22-2284]\]. Generally speaking, ring-like regions at the roots of each branch on the aorta arch and upper-inner descending aorta (Region A, C) with high OSI and low WSS have a high risk of generating atherosclerotic lesions.

Unlike the idealized model of the aorta used by Xuan et al. \[[@b15-medscimonit-22-2284]\], the patient-specific model we used in the present study has a more complicated geometric structure, especially curvatures at various directions, which can cause difficulty in identification and description of flow patterns in the aorta. Thus, the situation of helical flow was shown as a general description of averaged helicity density in this article. The complex geometry of the aorta induced helical flows at the curvature of the aortic arch \[[@b28-medscimonit-22-2284],[@b29-medscimonit-22-2284]\], mainly occurring at the late phase of systole. It occupies a small part of the cardiac cycle, with a retrograde flow generated in the aortic arch at the end systole \[[@b28-medscimonit-22-2284]--[@b30-medscimonit-22-2284]\]. The volume flow rates ([Figure 4B](#f4-medscimonit-22-2284){ref-type="fig"}) are different in both the baseline and length of systole under different support modes we discussed, which caused obviously different occurrences of swirling flow ([Figure 9](#f9-medscimonit-22-2284){ref-type="fig"}). Liu et al. demonstrated the potential role of swirling flow in mass transport \[[@b22-medscimonit-22-2284],[@b31-medscimonit-22-2284]\]. The helicity density enhanced under the pulsatile mode may have a positive effect in taking the deposited atherogenic lipids, such as low-density lipoproteins and particles, away from the luminal surface, which may spare the aorta from atherosclerosis, as well as improve the blood perfusion to organs \[[@b28-medscimonit-22-2284],[@b29-medscimonit-22-2284]\].

Limitations of the study
------------------------

To simplify the calculation, the aorta wall was assumed to be a rigid wall in the present study, without considering the effect of elasticity of vessels. Investigations based on fluid-structure interaction should be undertaken to improve the precision of the simulation. Another limitation is that the aortic model was a patient-specific model, while the boundary conditions used in the simulation were idealized, and using only 1 patient-specific model is insufficient. Using patient-specific data from measurements as boundary conditions may make the simulation more realistic.

Conclusions
===========

In comparison with the constant speed mode, the blood flow under pulsatile mode significantly enhanced WSS at the areas with relatively low WSS and high OSI under the constant speed mode. The higher helicity density of the blood flow under pulsatile mode may improve mass transport between the aortic luminal surface and blood flow. These findings indicate that pulsatile support mode is beneficial for reducing the risk of atherogenesis. However, the higher OSI of pulsatile support mode may also have negative effects on vascular remodeling. In short, the study results demonstrate that the BJUT-II VAD under pulsatile control mode may help prevent atherosclerosis lesions. The precise effects of pulsatile support mode on atherosclerosis and aortic remodeling need to be further studied in animal experiments.
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![The scheme of BJUT-II VAD. (**A**) Shows the implanted position of BJUT-II VAD; (**B**) Presents the actual photos of BJUT-II VAD.](medscimonit-22-2284-g001){#f1-medscimonit-22-2284}

![The reconstructed aortic model used in our work.](medscimonit-22-2284-g002){#f2-medscimonit-22-2284}

![The aortic model with computational meshes. (**A**) Positions of inlet and outlets; (**B**) Partially enlarged view of the meshed model; (**C**) The cardiovascular pump system used to generate boundary condition for CFD study.](medscimonit-22-2284-g003){#f3-medscimonit-22-2284}

![Boundary conditions of pressure and total volume flow rate. (**A**) The plot of pressure at the inlet of aorta under 2 support modes in 1 cardiac cycle. (**B**) The plot of volume flow rate under 2 support modes in 1 cardiac cycle.](medscimonit-22-2284-g004){#f4-medscimonit-22-2284}

![Boundary conditions of velocity flow rate for outlets. (**A**) The plot of velocity flow rate for outlets under constant speed mode in 1 cardiac cycle. (**B**) The plot of velocity flow rate for outlets under pulsatile mode in 1 cardiac cycle.](medscimonit-22-2284-g005){#f5-medscimonit-22-2284}

![The distribution of time-averaged WSS under 2 support modes. (**A**) constant speed mode, (**B**) pulsatile mode.](medscimonit-22-2284-g006){#f6-medscimonit-22-2284}

![The difference of distribution of time-averaged WSS under 2 support modes.](medscimonit-22-2284-g007){#f7-medscimonit-22-2284}

![The distribution of OSI under 2 support modes. (**A**) Constant speed mode, (**B**) Pulsatile mode.](medscimonit-22-2284-g008){#f8-medscimonit-22-2284}

![Results of helical flow distribution. (**A**) Positions of the representative slices for calculate *H~a~*. (**B**) Contour and Streamline of velocity at the selected slices for constant speed mode. (**C**) Contour and Streamline of velocity at the selected slices for pulsatile mode.](medscimonit-22-2284-g009){#f9-medscimonit-22-2284}

![Plots of average of helicity density (*H~a~*) at 6 representative slices.](medscimonit-22-2284-g010){#f10-medscimonit-22-2284}

###### 

Results of analysis of grid independence.

  Element size   Number of nodes   Number of elements   Reference value/kg\*s^−1^   Error
  -------------- ----------------- -------------------- --------------------------- -------
  1.2 mm         193216            1033661              5.296\*10^−2^               
  1 mm           298335            1639544              5.229\*10^−2^               1.3%
  0.7 mm         598556            3382639              5.217\*10^−2^               0.2%
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